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Abstract: A tyrosine (Tyr)- or tryptophan (Trp)-selective metal-free
C-H sulfenylation reaction wusing an acid-activated S-
acetamidomethyl cysteine (Cys) sulfoxide, Cys(Acm)(O), has been
achieved. The dually protonated intermediate produced from the
Cys(Acm)(O) under acidic conditions allows the sulfenylation of Tyr.
Significantly, the reaction in the presence of trimethylsilyl
trifluoromethanesulfonate (TMSOTf) mainly affords a Cys-Tyr-linked
peptide even in the presence of Trp residues. In contrast, a Cys-Trp-
linked peptide was selectively obtained from the reaction in the

presence of guanidine hydrochloride (Gn-HCI) under acidic conditions.

Established Tyr- and Trp-selective sulfenylation methods were used
in the Cys-Tyr stapling and Trp-lipidation of glucagon-like peptides 1
in a one-pot/stepwise manner. Investigation of the mechanism
showed that orbital- and charge-controlled reactions are responsible
for the Trp and Tyr selectivity, respectively.

Introduction

Post-translationally modified peptides and proteins with crosslinks
between their side chains exhibit diverse signature functions by
modulating the structural, electronic and spectroscopic characters
of the parent molecules.¥! Among such a linkage structure, the
thioether-linked 3’-(S-cysteinyl)tyrosine (Cys-Tyr) unit functions
as the cofactor that enhances the catalytic activity of enzymes
such as galactose oxidase,? glyoxal oxidase,®! and cysteine
dioxygenase®! (Fig. 1a) through their interaction with redox-active
metals. The biogenesis of the Cys-Tyr cofactor has been
proposed to involve the tyrosyl or cysteinyl radical in the C-H
sulfenylation of the tyrosine phenol side chain,*® but practical
and scalable synthetic access to the cofactor unit has remained
challenging.®! In research areas involving chemical modification
of peptides, the arylation of Cys, and the sulfenylation of Tyr or
phenylalanine (Phe) have been receiving increasing attention.
These reactions generally use Pd- or Au-catalyzed reactions of
aryl halide units with sulfenyl compounds.9 Alternatively,
aromatic nucleophilic substitution (SnAr) of perfluorobenzenes

with Cys can be utilized for the S-arylation of Cys with the
intention of achieving stapling** between two Cys residues.*213l
The  2'-(S-cysteinyl)tryptophan  (Cys-Trp)  unit named
tryptathionine (Fig. 1b) represents another thioether-linked
aromatic moiety in post-translationally modified peptides. It
exhibits a unique biological function of bicyclic peptidic mushroom
toxins such as Amatoxin.*4
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Figure 1. Structures of sp? (C—H) sulfenylated amino acid residues.

For the preparation of tryptathionine, oxidative coupling of
oxidized Cys and Trp residues!*® and vice versal*® has been used.
We recently reported that S-p-methoxybenzyl cysteine sulfoxide
(Cys(MBzl)(0))7, an oxidized Cys derivative, participates in the
reaction selectively affording tryptathionine under acidic
conditions in the presence of guanidine hydrochloride (Gn-HCI)
even in the presence of Tyr (Fig 2a).1*® This process includes the
conversion of the acid-activated sulfoxide to S-chlorocysteine with
release of an MBzl cation and subsequent aromatic electrophilic
substitution (SgAr) between the resulting S-chloride and the indole
ring of Trp.

The success of the SgAr-type sulfenylation of the Trp side
chain led us to determine if an S-protected cysteine sulfoxide will
allow the sp?(C-H) sulfenylation in an SgAr fashion of the phenol
side chain of a Tyr residue in a peptide. The Cys(MBzl)(O)-
enabled sulfenylation requires an ammonium chloride such as
Gn-HCI to form the S-chlorocysteine and to trap the MBzl cation.
The sulfenylation of Tyr is unlikely under these conditions and



consequently, we tentatively concluded that the Cys(MBzl)(O) is
the wrong choice of sulfoxides for the Tyr-sulfenylation by the Cys
derivatives. We therefore focused on the use of S-
acetamidomethyl cysteine sulfoxide (Cys(Acm)(0)) (Fig. 2b).12!
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Figure 2. C-H sulfenylation of aromatic rings of Trp and Tyr. (a) Selective
C-H sulfenylation of Trp (Previous study). (b) This work.
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The S-Acm group in the Cys(Acm) sulfide remains intact under
the acidic conditions employed in peptide synthesis,?% but the S-
MBzl group is susceptible to acid. We hypothesized that this
difference in their chemical behavior under acidic conditions could
allow the use of Cys(Acm)(O), instead of Cys(MBzl)(O), for the
sulfenylation of Tyr. This present study has investigated the
sp?(C-H) sulfenylation of Tyr using the Cys(Acm)(O) and its
evolution to the differentiation of Tyr and Trp residues and
potential use in the one-pot preparation of doubly modified
peptides.

Results and Discussion

Exploration of the reaction conditions suitable for the Tyr-
sulfenylation began with 9-fluorenylmethyloxycarbonyl (Fmoc)-
based solid-phase peptide synthesis (SPPS) of a model peptide
(Ac-G-Tyr-GAL-Cys(Acm)(O)-NHz (1)). Preliminary studies on
the Cys(Acm)(O) indicated that the sulfoxide moiety is vulnerable
to basic or acidic conditions used for the removal of Fmoc or side
chain protections, respectively. That required the oxidative
conversion of the precursor peptide (Ac-G-Tyr-GAL-Cys(Acm)-
NH; (2)) to the Cys(Acm)(O)-peptide 1 with H,O, in
H20:CH3CN:AcOH (1:1:2, v/v) (Fig. S1 in the SI). This oxidative
conversion of the Cys(Acm)-peptide 2 gave the corresponding
Cys(Acm)(O)-peptide 1 in a good yield (79%).
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Table 1. Examination of the C—H sulfenylation of Tyr with Cys(Acm)(O) under
acidic conditions.

OH /g OH /g
HN™ ~O HN™ ~O

—_—
S) 0=8

[ |
Ac-G-Tyr-GAL-Cys-NH, 2 Ac-G-Tyr-GAL-Cys-NH, 1

25°C,1h jReagents
R = Ac-G-Tyr-GAL

OH R-Cys-NH,  R-Cys-NH,  R-Cys-NH,
\ | \
S S=0 S=0 S
+ | + | + |
. VAT
Ac-G-Tyr-GAL-Cys-NH, R-Cys-NH, ~ R-Cys-NH,  R-Cys-NH,
3 4a 4b 4c
Entrylal Reagents Products (%)!
1 TFA 1(35),3(48), 4a (17)
2 ACOH 1 (>95)
3 HFIP 1 (>95)
4 1 M MSA in TFA 3 (>95)
5 0.1 M MSA in TFA 3 (>95)
6 1 MMSA-4 M Gn-HClin TFA  3(32), 4a (37), 4b (5), 4c (25)

[a] Peptide 1 (1.0 mM) was treated with the acidic reagent at 25 °C for 1 h. The
reaction was diluted fivefold with H20O then directly analyzed by HPLC. [b]
Conversion (%) (or remaining (%)) proportions were determined by HPLC
analysis with UV detection at 220 nm and calculated using the equation: percent
formation = 100 [(integ. 1, 3, 4a, 4b, or 4c)/(integ. 1 + 3 + 4)], where integ. =
integration of peak area of the UV absorption. HPLC monitoring of reactions is
shown in Fig. 3 and Fig. S2 in the SI. Thioether linkage at the ortho-position of
the phenol was confirmed by NMR analyses of 3 (Figs. S3 and S4 in the Sl).
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Figure 3. HPLC analysis of crude samples obtained by reactions in Table 1: (a)
entry 1; (b) entry 4; (c) entry 6. Analytical HPLC conditions: linear gradient of
0.1% TFA/CHzCN in 0.1% TFA/H20, 5% to 45% over 30 min. UV detection at
220 nm. Peptides (1 and 4a) containing sulfoxide moieties eluted as
diastereomers. *Non peptidic material.



The resulting substrate 1 was then subjected to the
evaluation of the C-H sulfenylation which links the Tyr and Cys
residues under acidic conditions (Table 1). The reaction of 1 (1
mM) in TFA at 25 °C was incomplete after 1 h but gave a mixture
of the desired S-aryl material 3 and the dimer peptide 4a (entry 1,
Fig. 3a). Under weaker acidic conditions such as in AcOH or
hexafluoroisopropanol (HFIP), the reaction barely proceeded
(entries 2 and 3, Figs. S2b and S2c in the SI). The reaction profile
was dramatically changed as the acidity of the reaction increased.
The reaction of 1 in 1 M methanesulfonic acid (MSA)?Y in TFA at
25 °C was complete within 10 min, giving the desired product 3
with no accompanying dimeric side products (entry 4, Fig. 3b).
The reaction using 0.1 M MSA achieved a quantitative conversion
(entry 5, Fig. S2d in the SI). Furthermore, the reactions of other
model peptides possessing zero, one, two, four or five-residues
between Cys(Acm)(O) and Tyrin 1 M MSA in TFA at 25 °C, was
complete after 1 h, affording the corresponding S-aryl peptides in
from high to quantitative yields (Fig. S5 in the SlI). NMR analysis
of 3 clearly indicated that the C-H sulfenylation occurs at the
ortho-position of the phenol ring (Figs. S3 and S4 in the SI).

To learn the reason for the remarkable difference in the
reactions employing TFA or 1 M MSA in TFA, we estimated the
Gibbs free energy change in protonation of the model sulfoxide
and amide (DMSO and N-methylacetamide) with MSA or TFA
using density functional theory (DFT) at the B3LYP-D3/6-
311+G(d,p) level in TFA using a polarizable continuum SMD
(solvent model based on density) model ?2: (AG (DMSO with
MSA) (kcal/mol) = 8.1, AG (N-methylacetamide with MSA) = 9.5,
AG (DMSO with TFA) = 11.7, AG (N-methylacetamide with TFA)
= 13.1). This result shows that dual protonation on both the
sulfoxide and Acm amide moieties occurs with MSA under TFA
conditions, but in TFA only monoprotonation of the sulfoxide
occurs. Consequently, we hypothesized that the acidity of the
reaction affects the product distribution as depicted in Figure 4.

With TFA, protonation occurs only on the sulfoxide,
affording a monocationic species 5 and the subsequent liberation
of the Acm cation produces cysteine sulfenic acid (Cys(OH))?°!
that can behave as an electrophile and a nucleophile. An SgAr
reaction between Cys(OH) and Tyr gives the S-aryl unit in 3
whereas the self-condensation of the Cys(OH) unit affords the
thiosulfinate type dimer 4a which can be transformed to 4b or 4c
by the nucleophilic attack of Cys(OH), subsequently generating
Cys derivatives (Fig. S6 in the Sl). On the other hand, the more
acidic MSA-induced protonation involves the amide of the Acm
group and the sulfoxide, and results in the formation of a dicationic
species 6. The cationic nature of the Acm moiety would prevent
the S-protecting group from being liberated as a cation, and the
subsequent SegAr of 6 with the phenol of Tyr proceeds producing
H.O and affording the S-aryl sulfonium cation intermediate 7.
Since the Acm cation is more stable than phenyl cation, the
preferential release of the Acm cation from 7 yields 3 containing
the desired S-aryl unit.

In our previous study on the Trp-sulfenylation using
Cys(MBzl)(O), ammonium chlorides such as Gn-HCl serve as an
additive indispensable in the clean conversion. Similarly, the
reaction of the Trp-containing Cys(Acm)(O) peptide (Ac-G-Trp-
GAL-Cys(Acm)(O)-NH; (S1 in the SlI)) in 1 M MSA-4 M Gn-HCI
in TFA quantitatively gave Trp-Cys thioether-linked peptide S2 in
S| (Fig. S7 in the SI). In contrast, the reaction of 1 in the same
reagent system gave the desired 3 as a minor product and
afforded instead a mixture of dimer peptides 4 as the major
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products (Table 1, entry 6). These results indicate that the Gn-HCI
would control the reaction preference of Cys(Acm)(O) for Trp over
Tyr via the formation of S-chlorocysteine that is involved in the
formation of dimers in the absence of a Trp residue (Fig. S6 in the
Sl). Consequently, we next attempted to learn what reaction
conditions contribute to the reaction preference using a model
peptide containing both Tyr and Trp (Ac-G-Trp-RAL-
Cys(Acm)(0)-GAL-Tyr-RG-NH; (8)) (Table 2).

Table 2. Exploration of the reaction conditions suitable for discrimination
between Trp and Tyr residues in the sulfenylation using acid-activated
Cys(Acm)(0O).

Ac-G-Trp-RAL-Cys-GAL-Tyr-RG-NH,

OH
NH + NH S
= S‘ 9 = 10

Ac-G-Trp-RAL-Cys-GAL-Tyr-RG-NH, Ac-G-Trp-RAL-Cys-GAL-Tyr-RG-NH,

+ mono-Acm adduct of 9 or 10 (9 or 10 +71 Da)
+ bis-Acm adduct of 9 or 10 (9 or 10 +142 Da)

OH
NH e
7 ?:O 8 (1.0 mM)
OH

Products (%)®!

Entrylal Conditions

9+10 Acm adducts
(Ratio 9:10) + (others)

1 TFA 53 (100:0) 6l + (8, 41)
2 4 M Gn-HClin TFA 96 (100:0) 4
3 1M MSA in TFA 55 (45:55) 45
4 1M TFMSAin TFA 92 (32:68) 8
5 1 M TMSOTf in TFA 78 (5:95) 22
6 1 M TMSOTf in HFIP 89 (3:97) 11

1 M TMSOT-01 M
[d] (5: [d]
7 GNn-HOTf in TFA >9114 (5:95) <9

6+
(unidentified
productel, 7)

1 M TMSOTF01 M )
8 GN-HOTF in HFIP 87 (5:95)

[a] Peptide 8 (1.0 mM) was exposed to the acidic reagent system at 25 °C for 1
h. The reaction was diluted with H.O tenfold and directly analyzed by HPLC. [b]
Conversion (%) proportions were determined by HPLC analysis with UV
detection at 220 nm and calculated using the equation: percent formation = 100
[(integ. (9 + 10), Acm adducts or others)/(integ. 9 + 10 + Acm adducts + others)].
[c] Acm adduct of the starting material 8. HPLC monitoring of reactions is shown
in Fig. 5 and Fig. S8 in the SI. [d] Acm adducts was contaminated in the shoulder
peak indicated by arrow (Fig. 5e). [e] Unidentified product possesses the MS
value identical to that of 9 or 10.

Under TFA conditions, the resulting Cys(OH) residue
participated in the reaction with Trp rather than self-condensation,
and gave the Cys-Trp-linked peptide 9 (Table 2, entry 1, Fig. S8
in the SI). As expected, the reaction in the presence of Gn-HCI
selectively generated 9 via the formation of S-chlorocysteine
intermediate (entry 2, Fig. 5a). These results show that both
Cys(OH) and S-chlorocysteine prefer Trp over Tyr in the SgAr
reaction. The increase in acidity of the reaction system upon



addition of MSA or trifluoromethanesulfonic acid (TFMSA) allows
the formation of the Cys-Tyr-linked peptide 10 (entries 3 and 4,
Figs. 5b and 5c), which shows that the dicationic species 5 might
could react with Tyr preferably over Trp. An unprecedented Tyr-
selective reaction was achieved by using trimethylsilyl
trifuluoromethanesulfonate  (TMSOTf)®4  in  TFA or in
hexafluoroisopropanol (HFIP) which yielded 10 with over 9:1 Tyr-
preference (entries 5 and 6, Fig. 5d and Fig. S8 in the SI).

(a) entry 2
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(b) entry 3
9 o
(c) entry 4
10
J 9
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Figure 5. HPLC analysis of crude samples obtained by reactions in Table 2: (a)
entry 2; (b) entry 3; (c) entry 4; (d) entry 5; (e) entry 7; (f) entry 8. Analytical
HPLC conditions: linear gradient of 0.1% TFA/CHsCN in 0.1% TFA/H20, 20%
to 35% over 30 min. UV detection at 220 nm. *Mono-Acm adduct of 9 or 10.
**Bis-Acm adduct of 9 or 10. ***An unidentified product possessing the same
mass identical to that of 9 or 10.

Such a significant improvement might be attributed to the
bis-trimethylsilylation of 6 which allows the dicationic species to
exist long enough to react with Tyr. The reaction using TMSOTf
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enabled the Tyr-selective C—H sulfenylation but in this case,
several (>10%) Acm adducts possessing +71 or +142 Da mass
units appeared in HPLC analysis. The absence of cation
scavengers in the reaction caused the alkylation by the Acm
cation, but the position of the alkylation remained unclear.

To suppress this alkylation, we evaluated the cation-
scavenging performance of a guanidinium salt, which can trap an
iminium cation such as the Acm cation.?®! Among the guanidium
salts that were examined, the guanidium trifluoromethane-
sulfonate (Gn-HOTf) soluble at a concentration < 0.2 M in the
TMSOTH/TFA or TMSOTf/HFIP showed satisfactory results
(entries 7 and 8, Figs. 5e and 5f). Even, a decrease of TMSOTf in
concentration to 0.1 M afforded the results comparable to those
shown in entries 7 and 8 (Figs. S8i and 8j in the SI). Although the
use of TMSOTf-Gn-HOTTf in HFIP system led to formation of an
unidentified product possessing the same MS value as that of 9
or 10, the appropriate choice of the reaction solvent (TFA or HFIP)
would rely on the subjected peptides as mentioned below. The
reaction of 8 with 1 M TMSOTf-0.1 M Gn-HOTf in TFA for 1 h at
25 °C afforded the desired product 10 in 67% isolated yield (Fig.
S9 in the SI). On the other hand, the reaction in 4 M Gn-HCI in
TFA followed by HPLC purification afforded the Cys-Trp peptide
9 in 80% isolated yield (Fig. 5a and Fig. S10 in the SI).
Thermolysin digestion of the obtained peptides followed by
peptide mapping revealed whether the linkage was formed
between Cys and Tyr or between Cys and Trp (Fig. S11 in the SI).
Additionally, peptides 9 and 10 exhibited the characteristic UV-Vis
absorption of the Cys-Trp® and Cys-Tyr?” linkages, respectively
(Fig. S12 in the SI).

The observed selectivity could be plausibly explained by the
C-H sulfenylation of Tyr or Trp proceeding in either a charge- or a
frontier orbital-controlled manner. The reaction affording the Cys-
Trp linkage requires a neutral species such as Cys(OH) or S-
chlorocysteine which can participate in an orbital-controlled
reaction. As a Trp side chain model, 3-methylindole has a high
HOMO energy level in comparison with p-cresol as a Tyr model.
Consequently, the indole reacts with the neutral species in an
orbital-controlled manner. Mulliken charge analyses of p-cresol
and 3-methylindole showed that C2 or C6 of cresol is more
negatively charged than C2 of 3-methylindole, which agrees with
the chemical shifts of Tyr (3’ proton: 6.61 ppm, 3’ carbon: 115.49
ppm) and Trp (2’ proton: 7.11 ppm, 2’ carbon 124.07 ppm) (Figs.
S13 and S14 in the SlI). Consequently, the 3’ carbon of the Tyr
side chain preferentially reacts with the positively charged cation
species 6 derived from Cys(Acm)(O) under the strong acidic
conditions. That the silylated dication of 6 is sufficiently stable in
the reaction with Tyr was confirmed by treating a Cys(Acm)(O)
peptide (H-G-Cys(Acm)(O)-ALFRAFG-NH; (S6 in Fig. S15 in the
SI) without Tyr residue in 1 M TMSOTf in TFA at 4 or 15 °C for 20
min followed by quenching with H,O. Under these acidic
conditions, the Cys(Acm)(O) remained almost intact. On the other
hand, the addition of chloride anion led to the formation of dimers
through the generation of the Cys(OH), which is produced by the
hydrolysis of S-chlorocysteine (Fig. S15 in the SI).

Next, we evaluated the applicability of the optimum
conditions (1 M TMSOTf-0.1 M Gn-HOTf in HFIP or TFA) to
peptides (Ac-G-Xaa-RAL-Cys(Acm)(O)-GAL-Tyr-RG-NH,: Xaa =
His (11a); Phe (11b); Lys (11c); Ser (11d); Met(O) (11e))
containing amino acids of concern for side reactions. With the
exception of 11e, reactions with 1 M TMSOTf-0.1 M Gn-HOTf in
HFIP (1 h, 25 °C) gave the corresponding Cys-Tyr linked peptides



12 in reasonable isolated yields (His (12a: 71%); Phe (12b: 98%);
Lys (12c: 89%); Ser (12d: 89%)) (Figs. S16 and S17 in the SI).
The procedure for producing the Cys(Acm)(O) substrate 1le is
the same as for the oxidation of Met to Met(O), and the in situ
reduction of the Met(O)-containing Cys-Tyr peptide by addition of
TMSBr was conducted to obtain 12e (58% isolated yield).?s! The
reaction of the Ser-containing substrate 11d required the neutral
buffer treatment to reverse the N-O acyl transfer occurring in the
reaction. The reactions in TFA system proceeded with a similar
efficacy and are identical to those employing HFIP as solvent
shown in the HPLC analyses (Fig. S18 in the SI).

With the conditions suitable for the Tyr-selective
sulfenylation by the Cys(Acm)(O) in the presence of a Trp residue
in hand, we next applied the residue-selective reaction to a
sequence of peptide modifications including stapling®¥ and
lipidation[ for improvement of the pharmacological character of
the peptides. The peptide stapling features a variety of covalent
linkages between side chains and has served as a promising
peptide modification method for development of peptide-based
therapeutic agents, and the same is true for peptide lipidation.
Both modifications have advanced the therapeutic usage of
glucagon-like peptide 1 (GLP-1) (7-37) as an insulinotropic
peptide used to treat type Il diabetes mellitus.E%3Y As a proof-of-
concept experiment, we subjected the GLP-1 derivatives (GLP-1
(7-37): Gly22Cys(Acm)(O) (13a) and GIn23Cys(Acm)(O) (13b))
to a one-pot/stepwise modification consisting of the Tyr!-Cys? "
Z.stapling and Trp®-lipidation by Tyr and Trp-selective C-H
sulfenylations, respectively (Fig. S19 in the Sl). The preliminary
survey of the scope of the reaction solvent, whether the TFA or
HFIP is used for the reactions, indicated that HFIP is suitable for
the modification of GLP-1 analogues due to the avoidance of the
trifluoroacetylation side reaction. The first stapling reactions of 13
with 1 M TMSOTf-0.1 M Gn-HOTf in HFIP at 15 °C for 1.5 h
proceeded in a high Tyr-selective manner to give the peptides
stapled in aniand i+ 3 oriand i+ 4 relationship (14a or 14b)
without being accompanied by a detectable amount of Acm
adducts. (Fig. 6a and Fig. S20 in the Sl). Then, the addition of the
Cys(Acm)(O)-decorated lipid 15 (1.2 equiv.) in HFIP containing 4
M diisopropylamine (DA)-HCIE% into the stapling reaction mixture
with additional stirring at 15 °C for 1 h allowed the Trp-selective
C-H sulfenylation to proceed, generating the lipidated/stapled
peptides (16a and 16b) in 34% and 28% isolated yields,
respectively (Fig 6b and Fig. S20 in the Sl). Peptide mapping of
the obtained peptides using chymotrypsin indicated that the
desired expected modifications occurred on the Tyr and Trp
residues (Fig. S21 in the Sl). The reason for using DA-HCI in the
second step instead of Gn-HCI, which is indispensable for the
formation of the S-chlorocysteine species, is that DA-HCI is more
soluble in HFIP than Gn-HCI. Additionally, the mixing of Gn-HCI
with the first reaction medium led to insoluble materials. The use
of AcOH in the second step also resulted in the contamination of
acetylation side products although the reason for the side reaction
is unclear.

Subsequently, in comparison with GLP-1 (7-37) and non-
stapled lipidated GLP-1 17,2 the effect of the modifications in
GLP-1 peptides (16a and 16b) was evaluated by an oral glucose
tolerance test (OGTT) in wild-type (WT) mice. After intraperitoneal
administration of phosphate-buffered saline (PBS) or the GLP-1
peptides, insulin concentrations and blood glucose were
measured during the OGTT (Fig. 7). After glucose ingestion and
compared to PBS, the GLP-1 peptides including non-lipidated 17
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increased the insulin concentration (Figs. 7a and 7b) and reduced
the glucose concentration (Figs. 7c and 7d). Blood glucose levels
at 120 and 240 min were significantly lower in 16a and 16b than
in GLP-1. Further detailed biological evaluation with structural
analyses of the peptides will be in due course.

Conclusion

In  conclusion, S-acetamidomethyl cysteine  sulfoxide
(Cys(Acm)(0)) enables the residue-selective C-H sulfenylation of
Tyr or Trp under the appropriately selected acidic reaction
conditions. A Trp-selective reaction is achieved by forming the S-
chlorocysteine intermediate with the reaction under acidic
conditions in the presence of a chloride source. In contrast, the
reaction conditions allowing the formation of the intermediary
dicationic species induces the C-H sulfenylation of Tyr.
Significantly, the use of TMSOTf enables the high Tyr-selective
sulfenylation by the Cys(Acm)(O) even in the presence of a Trp
residue. Such a difference in the intermediate species could
contribute to the reaction outcomes, where an orbital or charge-

controlled reaction leads to the Trp or Tyr-preference,
respectively. Finally, the one-pot/stepwise  modification
generating the doubly modified GLP-1 analogues was

accomplished by the developed protocol.

Experimental Section

All experimental procedures and data are given in the Supporting
Information.
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Figure 6. Scheme for the synthesis of lipidated/stapled GLP-1 16 and HPLC analysis of the reactions affording 16a (a) after the stapling reaction; (b) after the
lipidation reaction. Analytical HPLC conditions: linear gradient of 0.1% TFA/CH3sCN in 0.1% TFA/H20, 5 to 95% over 30 min. UV detection at 220 nm. * Non peptidic
material; **Non lipidated Cys-Trp stapled peptide.
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Figure 7. Blood insulin (a and b) and glucose concentration (c and d) during an OGTT in 10-week-old male WT mice (n = 7-8 mice in each group). White circles
and bars indicate PBS, black circles and bars indicate GLP-1 (7-37), green circles and bars indicate 17, yellow circles and bars indicate 16a, and red circles and
bars indicate 16b, respectively. Statistical significance was calculated by one-way analysis of variance (ANOVA) with Tukey’s test using statistical package for social
science (SPSS) statistics. *P<0.05 vs. PBS, 'P<0.05 vs. GLP-1 (7-37).
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